In the present work, the cerium nitrate hexa-hydrate and ammonium hydroxide, used as the starting materials and the weakly agglomerated cerium oxide nanoparticles was synthesized by simple and cost effective reverse co-precipitation method. The effect of aging time and calcination temperature on structural properties of synthesized nanopowder was investigated by X-ray diffractometry (XRD), simultaneous thermal analysis (STA), Fourier transform infrared (FT-IR), scanning electron microscopy (SEM) and transmission electron spectroscopy (TEM) analytical methods. The investigation showed that aging of the precipitated precursors has pronounced effect on the decreasing of the agglomeration, increase in the crystallinity and the crystallite size of the final product obtained after calcination. Also, increase in the calcination temperature led to the appreciable increase in the crystallite size as well as the crystallinity.
INTRODUCTION
Ceria (CeO 2 ) is a cubic fluorite-type structured ceramic material that does not show any known crystallographic change from room temperature up to its melting point (2700°C) (Corradi et al., 2006; Li et al., 2002; Hassanzadeh-tabrizi et al., 2010) . In recent years, nanocrystalline cerium oxide (CeO 2 ) particles have been extensively studied owing to their potential uses in many applications, such as UV absorbents and filters (Cheviré et al., 2006; Souza et al., 2010) , gas sensors (Izu et al., 2003; Jasinski et al., 2003) , electrolytes in the fuel cell technology (Lapa et al., 2010; Matovic et al., 2009 ), water-gas shift catalysts (Gorte and Zhao, 2005) , polishers for chemical mechanical planarization (CMP) (Xin et al., 2010; Lee et al., 2009) , ceramic pigments (Llusar et al., 2010; Matovic et al., 2010) , etc. Most of the applications require the use of non-agglomerated nanoparticles, as aggregated nanoparticles lead to inhomogeneous mixing and poor sinterability. However, *Corresponding author. E-mail: jalilpour.marzieh@gmail.com. nanocrystallites with a primary particle size <5 nm have a stronger tendency to agglomerate, making processing very difficult. Also, the benefits expected from highly crystalline nanoparticles are easily lost during the manufacture of components unless weakly agglomerated nanoparticles can be produced (Tok et al., 2007) . Accordingly, preparation of ultrafine CeO 2 powders without agglomeration has been intensively investigated. CeO 2 nanopowders can be synthesized by different methods, such as, hydrothermal (Dos Santos et al., 2008) , mechanochemical (Zec et al., 2009) , combustion synthesis (Mukherjee et al., 2008) , sol-gel (Tao et al., 2009) , microemulsion (Chandradass et al., 2009 ), coprecipitation (Godinho et al., 2007) and spray-pyrolysis (Yao and Xie, 2007) . Compared with these methods, coprecipitation method is one of the most promising techniques because of the inexpensive starting materials, a simple synthesis process with reproducible results and commonly available apparatus (Truffault et al., 2010; Hassanzadeh-tabrizi et al., 2010) . Although, CeO 2 nanoparticles have been extensively studied by precipitation method but most of the previous reports were focused on on direct precipitation of ceria (Yamashita et al., 2002; Zhou et al., 2002; Uekawa et al., 2002) .
In this work, the ceria nanoparticles were synthesized via reverse co-precipitation method, using cerium nitrate hexa-hydrate and ammonium hydroxide as precipitation agent. The purpose of this work was to investigate the aging time and calcination temperature effect on the structural characteristics of the final product.
MATERIALS AND METHODS
In this study, cerium nitrate hexa-hydrate (Ce(NO3)3.6H2O; extra pure, Merck Chemical Company, Inc.) and ammonium hydroxide ((NH4)OH; extra pure, Merck Chemical Company, Inc.) were used as the starting materials. The cerium nitrate solution with 0.1 M concentration was prepared and added dropwise at the speed of 3 to 4 ml/min into the 1 M ammonium hydroxide stirring solution until the precipitation process was completed. The suspensions were aged at room temperature for 1, 6 and 12 h, respectively and were then centrifuged to collect precursor. The precursors were then thoroughly washed 3 times with distilled water and were rinsed with ethanol, respectively. They were then dried at 80°C for 12 h and calcined at 600 and 800°C for 2 h to yield the cerium oxide nanoparticles. The synthesized samples obtained at various aging times (1, 6 and 12 h) were named H1-600, H6-600 and H12-600, after calcination at 600°C and H1-800, H6-800 and H12-800 after calcination at 800°C, respectively.
Phase identification was done via X-ray diffractometry (XRD) on a Philips X-ray diffractometer (PW3710) operating at 20 kV/10 mA using nickel-filtered CuKα radiation in the range of 2θ = 10 to 80°. Crystallite sizes (DXRD) of the calcined powders were calculated by the X-ray line broadening technique performed on the (111) diffraction of CeO2 lattice using the Scherrer Equation 1:
(1) where θ is the Bragg angle of diffraction lines, K is a shape factor (K = 0.9 in this work), λ is the wavelength of incident X-rays ( = 0.15406 nm) and β is the corrected half width given by Equation 2: (2) where βm is the measured half-width and βs is the half width of a standard CeO2 sample with a known crystallite size of larger than 1 ηm.
Lattice parameter of synthesized powders was calculated by Equation 3:
Differential thermal analysis/thermogravimetry (DTA/TGA) of the dried precursors was done on a simultaneous thermal analysis (STA) analyzer (PL STA1640) in flowing air with a heating rate of 10°C min -1 . The α-Alumina was used as the reference material. Particle morphologies of the CeO2 powders were observed via scanning electron microscopy (SEM) (Stereo Scan S360 and WEGA TE Scan). The microstructure, size distribution and shape of the particles were investigated with transmission electron spectroscopy (TEM) (Jeol USA and Zeiss Germany). Further structural characteristics were determined by FT-IR spectroscopy (Bruker vector33). Figure 1a and b show the powder XRD pattern of the synthesized powders after calcination at 600 and 800°C for 2 h, respectively. The diffraction peaks of all the samples assigned to cubic fluorite CeO 2 are consistent with the JCPDS file of CeO 2 (JCPDS No. 34-0394). The patterns in Figure 1a shows that increase in the aging time causes increase in the crystallinity. According to Figure 1b , at higher calcination temperature (800°C), the peaks are appreciably sharpened which indicate higher crystallinity. Also, Table 1 shows that increase in both the aging time and calcination temperature leads to appreciable grain growth in the crystallite size. Furthermore, it can be seen that in smaller crystallite sizes, due to the presence of more point defect, the lattice parameter became greater and the expansion occurred in the crystal lattice. Figure 2 shows the DTA-TGA curves of the coprecipitated CeO 2 precursor which was aged for 1 h. It is seen that the TGA and STA curves illustrate two stages of the calcinion process; the endothermic reaction at around 93°C and the exothermic reaction at ~314°C, due to the removal of the absorbed water and decomposition of residual nitrate, respectively (Godinho et al., 2007) . In fact, STA study did not show significant processes occurring during the heating of the samples, which indicates that the formation of CeO 2 crystallites has already been taking place during precipitation and aging process. corresponds to the Ce-O bands (Athawale et al., 2009; Yue and Phanichphant, 2009) .
RESULTS AND DISCUSSION
Typical morphologies and agglomeration states of the nanopowders were obtained after 1 and 6 h aging observed as shown in Figure 4 . It can be seen that the size of the secondary particles are ~50 and ~40 nm for H 1 (Figure 4a ) and H 2 (Figure 4b ) samples, respectively, consisting of the fine particles smaller than 10 nm. The SEM observations indicate increase in the results in the smaller nanoparticles with weaker agglomeration.
The crystalline size has also been directly observed using a transmission electron microscope (TEM). As shown in Figure 5 , the calcined nanoparticles possess approximately spherical shape in the both of H 1-600 and H 2-600 samples. Moreover, the size distribution of the particles is uniform and the average crystallite size is ~3 and ~6 nm for H 1 and H 2 , respectively, which approximately agrees with the result obtained by XRD studies, indicating a well-defined dispersing state without significant hard agglomeration. 
Conclusion
In this work, ceria nanoparticles were synthesized by simple and cost-effective reverse co-precipitation method. Effect of aging time and calcination temperature was studied, which showed that aging time influences the size and morphology of the synthesized nanoparticles, that is, increase in aging time led to larger crystallite sizes, smaller particle sizes, weaker agglomeration and more crystallinity. Also, increase in the calcination temperature resulted in higher crystallinity and much coarser crystallites.
